Abstract: Despite the fact that pyrite is a relatively common phase in Ni-Cu-PlatinumGroup Elements (PGE) magmatic sulphide deposits, it has been neglected in the studies on PGE distribution in favour of pyrrhotite, pentlandite and chalcopyrite. An example of this is the Aguablanca deposit, where although pyrite is an important phase in the semi-massive ore and an early study has revealed that it hosts traces of PGE, the presence and origin of PGE into the pyrite has not been investigated in detail. With this in mind, we have measured by laser ablation ICP-MS the content of these and other chalcophile elements (Au, Ag, Co, Ni, Cu, Se, Sb, As, Bi and Te) in pyrite exhibiting different textures. The results show that 1) large idiomorphic pyrite is compositionallyzoned with Os-Ir-Ru-Rh-As-rich layers and Se-Co-rich layers; 2) some idiomorphic pyrites contain unusually high PGE contents (up to 32 ppm Rh and 9 ppm Pt); 3) ribbon-like and small-grained pyrites host IPGE (i.e., Iridium-group PGE, Os, Ir, Ru and Rh) in similar contents (100-200 ppb each) to the host pyrrhotite; and 4) pyrites replacing to plagioclase are depleted in most metals (i.e., PGE, Co, Ni and Ag). Overall, the different textural types of pyrite have similar abundances in Pd, Au, Se, Bi, Te, Sb and As. Mineralogical and compositional data suggests that pyrite is the result of the activity of late magmatic/hydrothermal fluids that triggered the partial replacement of pyrrhotite and plagioclase by pyrite, probably due to an increase in the sulphur fugacity during cooling. During this episode, pyrites inherited the IPGE content of mineral to that was replaced, whereas other elements such as Pd, Au and semi-metals were likely partially introduced into pyrite via altering fluids. These results highlight that pyrite can host appreciable amounts of PGE and therefore it should not be overlooked as a potential carrier of these metals in Ni-Cu-(PGE) sulphide deposits.
Introduction
In the recent years, the development of microanalytical techniques such as laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has let to better understand the distribution of platinum-group elements (Os, Ir, Ru, Rh, Pt and Pd, PGE) in Ni-Cu-(PGE) ore deposits by measuring the in situ concentrations of these elements in sulphides (i.e., pyrrhotite, pentlandite and chalcopyrite) (e.g., Huminicki et al., 2005; Barnes et al., 2008; Godel et al., 2007; Holwell & McDonald, 2007) . These studies have highlighted the close relationship between PGE and sulphides, with IPGE (i.e., Os, Ir, Ru and Rh) typically occurring in solid solution within pyrrhotite and pentlandite, and Pt and Pd usually as discrete platinum-group minerals (PGM, bismuthotellurides, tellurides, arsenides, and sulphides) associated with sulphides and some Pd within pentlandite. Pyrite is commonly present in minor amounts in magmatic sulphide deposits and is considered to form by either exsolution from S-rich monosulfide solid solution (mss) and by replacement of pyrrhotite by late magmatic/hydrothermal fluids (Farrow & Watkinson, 1992; Naldrett et al., 1999) . Although previous studies have revealed that pyrite can host some PGE (e.g., Oberthür et al., 1997; Gervilla & Kojonen, 2002) , it has been neglected during laser ablation analyses of sulphides.
However, recently a number of studies have reported variable amounts of PGE within pyrite (Lorand & Alard, 2011; Dare et al., 2011; Djon & Barnes, 2012; Knight et al., 2012) . Most of these authors found that pyrites with different textures contain distinct PGE and chalcophile element contents. In general, the pyrites that are rich in IPGE are associated with pyrrhotite and pentlandite and are thought to have formed either by exsolution from mss or by replacement of the mss component of the sulphides (pyrrhotite and pentlandite). In contrast, pyrites that are poor in IPGE are thought to have directly precipitated from hydrothermal or metamorphic fluids.
At the Aguablanca Ni-Cu sulphide deposit (SW Spain, Tornos et al., 2006; Lunar et al., 2008; Piña et al., 2010) , an early laser ablation study focused on the PGE distribution in the magmatic sulphides revealed that pyrite hosts traces of PGE . Some large idiomorphic grains of pyrite contain high concentrations of Pt (up to 15 ppm) and Rh (4-31 ppm), and ribbon-like pyrite grains, apparently replacing to pyrrhotite, have Os, Ir, Ru and Rh in the order to ~ 30-360 ppb for each metal.
Further study shows that there are more pyrite textural types and we have now determined by LA-ICP-MS the concentration of PGE and other chalcophile elements (Au, Ag, Ni, Co, Cu, Se, As, Sb, Bi and Te) in the different types of pyrite identified in Aguablanca (Ortega et al., 2004) : (i) large idiomorphic grains, (ii) ribbon-like grains, (iii) small single or aggregated crystals within pyrrhotite, and (iv) pyrite crystals replacing to plagioclase. In addition to a better understanding of the origin of PGE within pyrite and the role of pyrite as carrier of these metals, these results will be useful in discussing which processes were involved in the formation of pyrites (i.e., exsolution from mss versus replacement of sulphides).
The Aguablanca Ni-Cu sulphide deposit
The Aguablanca ore deposit comprises an economic Ni-Cu sulphide mineralization (6.5
Mt @ 0.6 % Ni and 0.4 % Cu) located in the northern part of the Aguablanca mafic intrusion, SW Spain ( Fig. 1 ). This intrusion (341±1.5 Ma, U/Pb on magmatic zircons, Romeo et al., 2006) . The sulphide mineralization occurs in form of a subvertical magmatic breccia (250-300 m wide N-S, up to 600 m long E-W and 600 m deep) hosted by cumulate-textured gabbronorites and norites. The breccia is made up of gabbronorite cumulates containing semi-massive and disseminated sulphides (hereafter semi-massive and disseminated ore, respectively) that host unmineralized mafic-ultramafic fragments coming from an unexposed mafic-ultramafic sequence situated below the Aguablanca intrusion . Small chalcopyrite veinlets are present cross-cutting the semi-massive and disseminated ores. Primary pyroxene and plagioclase of the host igneous rocks are variably altered to a secondary silicate assemblage comprising chlorite, actinolite, epidote, sericite and talc. The emplacement of the breccia probably took place when the mafic-ultramafic sequence was disrupted by the explosive injection of Ni-Cu sulphide-bearing gabbronorite melts due to the opening of tensional fractures related to the emplacement of the Aguablanca intrusion (Piña et al., 2010) .
The ore mineralogy comprises pyrrhotite + pentlandite + chalcopyrite ± magnetite and pyrite. Pyrite and pentlandite are occasionally replaced to marcasite and violarite, respectively. The three ore types identified at Aguablanca, semi-massive, disseminated and chalcopyrite-veined ores, show sulphide modal abundances and PGE patterns consistent with the fractionation of a sulphide melt .
Thus, the semi-massive ore, formed mostly by pyrrhotite and pentlandite with minor chalcopyrite (Ni/Cu averages 7.3, Piña et al., 2008) , represents a mss cumulate rich in Os-Ir-Ru-Rh and poor in Pd-Pt-Au-Cu, whereas the Cu-Pd-Au-(Pt)-rich chalcopyrite veinlets represent the crystallization of a residual Cu-rich sulphide liquid formed after mss crystallization. The disseminated ore, made up of pyrrhotite and roughly equal proportions of pentlandite and chalcopyrite (Ni/Cu averages 0.85, Piña et al., 2008) , represents the in situ crystallization of an original sulphide melt. Ortega et al. (2004) , Piña et al. (2008) and Suárez et al. (2010) have identified a similar PGM assemblage made up, in a decreasing order of abundance, of merenskyite (PdTe 2 ), palladian melonite (NiTe 2 ), michenerite (PdBiTe), moncheite (PtTe 2 ) and sperrylite (PtAs 2 ).
These PGM are mostly included within sulphides, mainly pyrrhotite and pentlandite, and commonly exhibit rounded and lath morphologies. Os, Ir, Ru and Rh mostly occur in solid solution within pyrrhotite and pentlandite, ~ 30% of the bulk Pd is within pentlandite and Pt is not in any sulphide phase except for a few pyrite grains that host up to 15 ppm Pt . These results are interpreted to suggest that PGE and chalcophile elements were collected by a sulphide liquid and incorporated into the sulphide minerals. As the temperature fell, Pd and Pt exsolved along with Bi, Te and As form the observed PGM assemblage.
Textural types of pyrite
Pyrite is a relatively common sulphide phase in the semi-massive ore of Aguablanca NiCu deposit. It can reach up to 10-15 modal % of the total sulphides in areas with strong microfracturing and intense retrograde alteration of primary silicates to secondary hydrous silicates. In contrast, its presence in the disseminated and chalcopyrite-veined ores is quite insignificant, being generally absent or in amounts lower than 1 modal %.
Pyrite is typically associated with pyrrhotite. Four different textural types of pyrite have been recognized (Fig. 2) : a) large idiomorphic-subidiomorphic crystals (1-5 mm in size) hosted by pyrrhotite (Fig. 2a-b) ; b) small subhedral single crystals or aggregates (up to 600 μm) within pyrrhotite in spatial association with pentlandite and chalcopyrite (hereafter named small-grained pyrites) ( Fig. 2c-d) ; c) ribbon-like crystals (0.5-3 mm long) within pyrrhotite ( Fig. 2e-f) ; and d) irregular crystals replacing partial to totally to plagioclase ( Fig. 2g-h ). Typically, in samples where pyrite is present, all textural types are present although the modal proportions widely vary from one sample to another.
Analytical methods
Polished blocks were studied by optical microscope to select sites for laser ablation analyses in the different textural types of pyrite. The trace elements were determined at LabMaTer, Université du Quebec à Chicoutimi (UQAC), Canada, using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The UQAC laser ablation system consists of an Agilent 7700x mass spectrometer with an Excimer 193nm
Resonetics Resolution M-50 laser ablation probe. Two samples, reference materials and blanks were placed in the chamber together. The reference materials and blanks were run before and after the two samples and between them. The spectrum was collected for 30 sec with the laser switch off to determine the base line. Then, line scans across the pyrite grains were carried out using a beam of 55 m, a laser frequency of 15 Hz, a power of 0.5mJ/cm 3 and a stage speed of 5 m/s. An argon-helium gas mix was used as carrier gas. The material was then analysed using the mass spectrometer in time resolution mode using mass jumping and a dwell time of 10 msec/peak. Bi. Data reduction was carried out using Iolite software (Paton et al., 2011 . The certified reference material Laflamme Po727, which is a synthetic FeS doped with ~ 40 ppm of each PGE and Au (Table S1) provided by the Memorial University of Newfoundland was used to calibrate for PGE and Au. For the rest of elements, we used the certified reference material MASS-1, a ZnCuFeS pressed powder pellet provide by United State Geological Survey and doped with 50-70 ppm Ag, As, Co, Bi, Sb, Se and Te (Table S1 ). The calibrations were monitored using the in-house materials UQAC-MSS1 and JB-MSS5. The material JB-MSS5 is a synthetic FeS with 1 wt.% Ni, 20-65 ppm PGE and Au and 50-80 ppm As, Ag, Bi, Sb, Se and Te (Table S1) Ar, respectively, by running a (CuFe)S 2 blank at the beginning and end of each session. The pyrite contains very little Cu thus the Cu correction on Rh and Pd is less than detection levels for these elements. Detection limits for laser analyses were calculated using 3 sigma of the background for the gas blank for each pyrite analyses. Tables with individual analyses for pyrite are listed in Table S2 and a summary with the concentrations is reported in Table 1 Table 1 and whole analyses in Table   S3 ). The obtained concentrations are in agreement with those already published by .
Laser ablation results

Large idiomorphic pyrite
These pyrites are characterized by displaying systematic variations in PGE content from rim to core (Fig. 3a) . Arsenic, Os, Ir, Ru and Rh are spatially associated each other, occurring as enriched bands or layers that generally surround the core of the crystals ( Fig. 4a-b ). These IPGE-As-rich zones coincide with minimum values in Se and Co, both of which reach maximum values at the rims of the crystals. The zoning of the pyrite in Figure 4b differs somewhat from that of most zoned pyrites. As in those, it displays Co-rich rims and Os-Ir-Ru-Rh-As-rich concentric layers oriented in parallel to the grain boundaries. However, this pyrite exhibits bands enriched in Pt which surprisingly do not coincide with those enriched in IPGE and As, but rather coincides with high Co values. This pyrite represents an unusual case because most of pyrites are unzoned relative to Pt, with values typically lower to 0.3 ppm. Although highly variable, PGE-zoned pyrites typically contain more than 1 ppm in Os, Ir, Ru and Rh, with values up to 2.8 ppm Os, 6.6 ppm Ir, 7.1 ppm Ru, and 32 ppm Rh. Other elements such as Bi, Te, Sb, Pd, and Au do not show any zoning, occurring with relatively constant concentrations throughout the crystals (Fig. 3b ).
Ribbon-like pyrite
Individual grains of this type of pyrite are compositionally homogeneous with no appreciable variation in the abundance of trace elements, including PGE, from core to rim ( Fig. 3c-d) . The ICP-MS signal is flat and stable, indicating that these elements are really in solid solution within pyrite. Osmium, Ir, Ru and Rh are present at around 100 ppb each, Pt is typically below the detection limit (~ 7 ppb) and Au and Pd average 239 and 75 ppb, respectively (Table 1) 
Small-grained pyrite
The primitive mantle-normalized trace element profile of this type of pyrites is almost identical to that of ribbon-like pyrite ( (Fig. 5) .
Pyrite replacing plagioclase
PGE, Co, Ni and Ag contents in this type of pyrite are notably lower than in the pyrites associated with sulphides (Fig. 5) . Osmium, Ir, Ru and Pt occur typically below the detection limit (20, 4, 6 and 7 ppb, respectively), and Rh and Pd are in concentrations lower to 30 and 170 ppb, respectively. Gold contents range from 12 to 370 ppb and Ag ranges from 0.25 to 2.11 ppm. Nickel and Co contents are lower to 2740 and 126 ppm, respectively. Selenium (94.8 ± 39.8 ppm), Te (1.7 ± 0.9 ppm), Sb (3.6 ± 2.6 ppm), As (593 ± 647 ppm) and Bi (1.8 ± 2.1 ppm) contents are quite similar to the other textural types of pyrite.
Discussion
Origin of pyrite
The sulphide assemblage, pyrrhotite + pentlandite ± chalcopyrite, of the Aguablanca semi-massive ore represents a typical example of Fe-rich monosulphide solid solution (mss) cumulate with minor amounts of Cu-rich sulphide liquid, formed by the fractionation and crystallization of an immiscible sulphide melt (Ortega et al., 2004; Piña et al., 2008 . Once crystallized, mss started to decompose, forming pyrrhotite and pentlandite below 650ºC, whereas chalcopyrite exsolved from intermediate solid solution (iss) previously formed from the Cu-rich sulphide liquid trapped among the mss grains. The origin of pyrite is much more uncertain. Two possible origins are commonly attributed for pyrite in magmatic sulphide assemblages: exsolution from S-rich mss on cooling , or replacement of preexisting sulphides, mostly pyrrhotite and chalcopyrite, by late magmatic/hydrothermal fluids (e.g., Naldrett et al., 1999; Dare et al., 2011; Su & Lesher, 2012) . Experimental studies have shown that pyrite can exsolve from mss at temperatures below 700ºC if the mss composition falls on its S-rich side of the Fe-Ni-S ternary diagram . In contrast, if mss composition falls on its S-poor side, pentlandite will be the exsolving phase from mss and pyrite will not form.
According to these experimental studies, pyrite and pentlandite cannot co-exist together until 230ºC when the mss tie line separating pyrite and pentlandite of the Fe-Ni-S diagram breaks. Therefore, if pyrite is an early exsolution phase, pentlandite can only form at temperatures below ~ 230ºC. This situation seems unlikely to exist in the semimassive ore of Aguablanca because a number of evidence suggests that pentlandite started to exsolve from mss at temperatures close to 610ºC (its thermal maximum): the coarse-grained nature of pentlandite, its abundance and high Pd contents (~ 2 ppm, . High contents of Pd in pentlandite are attributed to Pd diffusion into pentlandite from iss and mss during its exsolution (Barnes et al., 2006; Dare et al., 2011; . This diffusion process is efficient at high temperatures and is unlikely to exist at temperatures as low as 230ºC as is further indicated by the Pddepleted nature of pentlandite flames (< 0.15 ppm, formed by exsolution from mss at temperatures below 250ºC (Kelly & Vaughan, 1983) .
Alternatively, pyrite could form below 230ºC, however the presence of significant amounts of IPGE in the pyrite provides evidence that it had to form at high temperatures as well (e.g., Dare et al., 2011) .
The pyrite that replaces to plagioclase is clearly the result of the activity of late magmatic/hydrothermal fluids, and hence can provide further evidence on the origin of the sulphide-hosted pyrites. The shape of the mantle-normalized profiles of trace elements in this pyrite is very similar to the profile of the pyrites texturally related to sulphides (Fig. 5) . With the exception of IPGE and other metals such as Ni, Co or Ag, all pyrite types share similar concentrations in other trace elements such as Bi, Te, Sb, Se and As. This similarity is even more significant considering the S/Se ratio. S/Se ratio of pyrite replacing plagioclase averages 6071 ± 1841, whereas that of ribbon-like and small-grained pyrites is 5365 ± 720 and 5552 ± 591, respectively. If pyrites associated with sulphides are primary in origin (i.e., exsolution from mss) and those related to plagioclase are secondary, the contents and distribution patterns of trace elements should be quite different and this is not the case at all. Thus, we suggest that all pyrite types, despite their textural variety, are genetically linked and related to the circulation of late magmatic/hydrothermal fluids that caused the replacement of pyrrhotite and plagioclase by pyrite. A similar formation mechanism has been also proposed for pyrite in some of the Sudbury and Lac des Iles deposits in Canada (Dare et al., 2011; Djon & Barnes, 2011) and in Wengeqi in China (Su & Lesher, 2012) . The textural variety of pyrites in Aguablanca can be due to internal characteristics of host pyrrhotite. Thus, the ribbon-like pyrites can be the result of preferential nucleation and growth of pyrite on pre-existing twin planes of pyrrhotite (Ortega et al., 2004) . Lorena?
The hydration of igneous silicates to form secondary hydrous silicates such as chlorite, actinolite and epidote in greenschist alteration facies decreases H 2 O and increases S and fS 2 of the system (e.g., Kanitpanyacharoen & Boudreau, 2012) . The fS 2 increase of the fluids can drive the stabilization of pyrite over pyrrhotite in the logfS 2 -T binary diagram (Fig. 6) . The host igneous rocks in Aguablanca underwent a locally very intense retrograde alteration with clinopyroxene being replaced by actinolite and chlorite, orthopyroxene by actinolite and talc, and plagioclase by sericite, epidote, chlorite and carbonates. The most intensively altered rocks often occur associated with areas of strong microfracturing and a relatively high amount of pyrite. We suggest that this subsolidus alteration event, driven by low-temperature hydrothermal fluids (~ 350ºC), caused an increase of fS 2 leading to the formation of the different types of pyrite.
Platinum-group and chalcophile elements into pyrite
One of the most interesting and striking features found in this study is the zoned distribution displayed by PGE in the idiomorphic pyrite. Compositionally zoned pyrites with respect to elements as Ni, Co or As are reported in the literature (e.g., Craig & Solberg, 1999; Pal et al., 2009; Thomas et al., 2011) Sudbury, Canada. The zoning of these pyrites is very similar to the zoning observed in Aguablanca: IPGE (i.e., Os, Ir, Ru and Rh) and As are closely associated each other in layers parallel to the grain boundaries and Se and Co are concentrated in relatively depleted in PGE and As layers. Dare et al. (2011) proposed that this zoning can be the result of "boundary layer effect" during the growth of pyrite from mss. At the beginning of pyrite growth, IPGE and As are preferentially incorporated into pyrite leaving the mss at the pyrite-mss boundary relatively depleted in these elements. Because the growth of pyrite was probably faster than the diffusion of PGE, the next layer of pyrite to grow formed from PGE-depleted mss and incorporated Co and Se instead of PGE and As, respectively. Eventually the pyrite grew into an undepleted mss and was able to incorporate again the PGE and As, giving rise to a new layer enriched in these elements.
The strong affinity shown by PGE for As (e.g., Tomkins, 2010; Hanley, 2010; Godel et al., 2012; would satisfactorily explain the close relationship between them, with IPGE having somewhat higher preference to form bonds with As than bonds with S in the pyrite structure. According to Dare et al. (2011) 's model, the content of S of the mss would have been locally sufficiently high to exsolve pyrite at high temperature at the same time that in other parts the mss with lower S contents exsolved pentlandite. A similar mechanism, although considering pyrite growth by fluids from a previous pyrrhotite instead of exsolution from mss, could be invoked to explain the zoning observed in Aguablanca. The incorporation of As (probably sourced by the fluids) substituting for S would be linked with the entry of IPGE residing into pyrrhotite for Fe 2+ . According to zoning (Fig. 4) Pyrrhotite and pentlandite host Pt-bearing PGM, mainly sperrylite PtAs 2 and moncheite PtTe 2 (Fig. 8 in Piña et al., 2008) and partial dissolution of these phases by hydrothermal fluids has been proposed to explain irregular edges of sperrylite at the contact with secondary chlorite and the presence of moncheite into actinolite . We suggest that in those cases where pyrrhotite hosted Pt-bearing phases, the fluids responsible of pyrrhotite replacement by pyrite probably dissolved these phases, being Pt available for introducing into pyrite. Surprisingly, Pt is negatively correlated with IPGE ( Fig. 3a and 4b) , thus it seems that Pt competed with Os, Ir, Ru and Rh for the sites occupied for Fe elements (reference), pyrite replacing plagioclase is strongly depleted in these elements (Fig. 7) . In contrast, ribbon-like pyrites and small-grained pyrites concentrate Os, Ir, Ru and Rh in almost identical amounts to those of host pyrrhotite (Fig. 5 and 7) , suggesting that these pyrites inherited these elements from pyrrhotite. The situation is similar in the case of Ni and Co. These elements are also strongly depleted in pyrite replacing plagioclase suggesting that they were not mobilized, but their higher contents in the small-grained and ribbon-like pyrites in comparison to pyrrhotite (Fig. 7) suggests that some of these elements were likely diffused from pentlandite as well. Platinum is not present either pyrrhotite or plagioclase therefore most pyrites do not contain Pt. The content of Pd and Au in pyrites replacing pyrrhotite (~ 0.07 ppm Pd and 0.15 ppm Au, Table 1 ) cannot be simply explained by an inheritance from the host pyrrhotite.
Pyrrhotite does not host any of these elements whereas pentlandite only accounts for about 30% of the total bulk Pd . Like Ni and Co, some of Pd could diffuse from pentlandite, implying Pd mobility beyond the mutual grain boundary, but in the case of Au, this diffusion is unlikely because Au is not present in any primary sulphide. Pyrite replacing plagioclase contains Au in similar values to those of pyrite replacing pyrrhotite (Fig. 7) , suggesting that Au behaved as a mobile element and incorporated into pyrites via fluids. According to Piña et al. (2008) , the postmagmatic history in Aguablanca included the partial remobilization of Pd, Au and Cu by late magmatic/hydrothermal fluids after the sulphide crystallization. Indeed, these metals are highly mobile elements under certain conditions (e.g., Gammons, 1996; Gammons & Williams-Jones, 1997) and their occurrence in pyrite replacing plagioclase indicates that they were really mobilized by fluids and later incorporated in similar proportions into the different types of pyrite. With regards to semimetals, except Se that it is roughly evenly distributed between pyrite and pyrrhotite, the rest of semimetals (i.e., As, Sb, Te and Bi) are significantly enriched in pyrites relative to pyrrhotite with quite similar proportions in all textural types (Fig. 7) . All these elements were likely incorporated into pyrites via fluids but the relatively high contents of As and Sb in pyrites replacing plagioclase in comparison to those of Te and Bi seems to indicate that As and Sb were ultimately more strongly mobilized.
Conclusions remarks
The different textural types of pyrite present in Aguablanca are genetically related to the circulation of late magmatic/hydrothermal fluids during the subsolidus evolution of the ore that triggered the replacement of pyrrhotite and plagioclase by pyrite. These pyrite have significant contents of PGE and other chalcophile elements that are the result of complete ., interpreted as having formed by Basically, the content of these elements in, depends 
